Research considering the relationship between dietary Mg and osteoporosis as well as fractures are sparse and conflicting. We therefore aimed to investigate Mg intake and the onset of fractures in a large cohort of American men and women involved in the Osteoarthritis Initiative over a follow-up period of 8 years. Dietary Mg intake (including that derived from supplementation) was evaluated through a FFQ at baseline and categorised using sex-specific quintiles (Q); osteoporotic fractures were evaluated through self-reported history. Overall, 3765 participants (1577 men; 2071 women) with a mean age of 60·6 (SD 9·1) years were included. During follow-up, 560 individuals (198 men and 368 women) developed a new fracture. After adjusting for fourteen potential confounders at baseline and taking those with lower Mg intake as reference (Q1), men (hazard ratio (HR) 0·47; 95 % CI 0·21, 1·00, P = 0·05) and women (HR 0·38; 95 % CI 0·17, 0·82, P = 0·01) in the highest quintile reported a significantly lower risk for fracture. Women meeting the recommended Mg intake were at a 27 % decreased risk for future fractures. In conclusion, higher dietary Mg intake has a protective effect on future osteoporotic fractures, especially in women with a high risk for knee osteoarthritis. Those women meeting the recommended Mg intake appear to be at a lower risk for fractures.
Mg is the fourth most abundant cation in the body and plays a pivotal role in many of its functions, being involved in more than 300 enzymatic reactions (1, 2) .
Several observational studies have demonstrated that low Mg intake is associated with a higher risk for several CVD and metabolic diseases, including coronary artery disease (3) , hypertension (4) , the metabolic syndrome (5) and diabetes (6) .
Although about 60 % of total Mg is stored in the bone (7) , the role of this cation in bone diseases and osteoporosis is still unclear. In a recent systematic review and meta-analysis, higher dietary Mg intake was not associated with decreased fracture risk in prospective studies (8) . In the largest prospective study included in this meta-analysis (9) , the authors found that Mg intake higher than the RDA resulted in a higher risk for fractures, probably related to more physical activity and falls (9) . A similar result was obtained by another large study in Swedish people (10) .
These findings are, however, surprising as in cross-sectional studies there was a significant association between higher Mg intake and bone mineral density (BMD) (8) . The beneficial role of Mg in inflammation (11) and oxidative stress (12) , two remarkable risk factors for osteoporosis, is well-known. Moreover, Mg is contained in green vegetables, nuts, cereals and other components of a Mediterranean diet that seems to have an important protective effect on bone fractures in women (13) .
Because of these conflicting results, we aimed to investigate the effect of higher Mg intakes on the onset of fractures in a large cohort of American men and women involved Abbreviations: HR, hazard ratio; OAI, Osteoarthritis Initiative. in the Osteoarthritis Initiative (OAI) over a follow-up period of 8 years.
Methods

Data source and subjects
Data were obtained from subjects enrolled in the OAI database, which is available for public access at http://www.oai.ucsf.edu/. Specific data sets used are those recorded during baseline and screening evaluations (V00) and those from each database reporting data on fractures until 96 months from baseline (V10). All participants in this study were recruited as part of the ongoing, publicly and privately funded, multicentre, and longitudinal OAI study. Patients at a high risk for knee osteoarthritis were recruited from four clinical sites in the USA (Baltimore, MD; Pittsburgh, PA; Pawtucket, RI; and Columbus, OH) between February 2004 and May 2006.
All of the participants provided written informed consent. The OAI study protocol was approved by the institutional review board of the OAI Coordinating Center, University of California at San Francisco.
Exposure
Dietary Mg intake was obtained through a FFQ recorded during the baseline visit of the OAI. As this questionnaire included data on Mg supplementation, this intake was also calculated. Mg intakes were computed as residuals from the regression model, with total energetic intake as the independent variable (residual method) (14) . The entire cohort was divided into quintiles (Q) of Mg intake according to sex using 205, 269, 323 and 398 mg/d for men and 190, 251, 306 and 373 mg/d for women.
Outcomes
The presence of fractures at baseline and during follow-up was obtained through self-reported history of fractures at the most common sites for osteoporotic fractures, that is, the hip, spine and the forearm. As the hip, spine and the forearm are the most common sites of osteoporotic fractures, these outcomes were initially evaluated separately; although, for convergence problems, analyses for the hip (n 44) and spine (n 77) were not reliable.
Covariates
A number of variables were identified from the OAI data set to explore the relationship between dietary Mg intake and incident fractures. These included the following: (1) race defined as 'whites' v. others; (2) smoking habits as 'previous/current' v. never; (3) educational level categorised as 'college' v. others; (4) yearly income as < or ≥$50 000 and missing data; (5) BMI, measured by a trained nurse; (6) comorbidities assessed using the modified Charlson co-morbidity score, with higher scores indicating an increased severity of conditions (15) ; (7) daily intake of vitamin D, Ca, K (from food and from supplements) and total energy intake; and (8) physical activity, evaluated using the Physical Activity Scale for the Elderly, a validated scale for assessing the physical activity level in the elderly. The scale covers twelve different activities including walking, sports and housework, and is scored from 0 upwards, without a maximum score (16) . Moreover, data regarding the use of drugs positively affecting bone (teriparatide, bisphosphonates and hormones) were also recorded.
Statistical analyses
As Mg intake was significantly different between men and women, as was the incidence of fractures during follow-up (P < 0·0001 for both comparisons), and as the interaction between dietary Mg intake and sex in predicting fracture onset at follow-up was significant (P for interaction = 0·04), all findings are reported by sex.
For continuous variables, normal distributions were tested using the Kolmogorov-Smirnov test. The data are shown as means and standard deviations for quantitative measures, and as frequency and percentages for all discrete variables by dietary Mg intake at baseline. For continuous variables, differences between the means of the covariates by quintiles of dietary Mg intake were analysed using an ANOVA; the χ 2 test was applied for discrete variables. Bonferroni correction was used in all analyses. Levene's test was used to test the homoscedasticity of variances and, if its assumption was violated, Welch's ANOVA was used.
Multivariate Cox regression models were studied using total Mg intake (sum of Mg from supplements and from foods) at baseline as exposure, categorised as quintiles and as outcome incident fractures at follow-up. Factors that reached a statistical significance between participants with osteoarthritis and those without or significantly associated with depressive symptomatology at follow-up (considering P < 0·05 as statistically significant) were included. Multicollinearity among covariates was assessed using variance inflation factor, with a cut-off value of 2 as a reason for exclusion, but no variable was excluded owing to this reason. Data of Cox regression analysis were reported as hazard ratios (HR) with their 95 % CI. A similar analysis was run modelling total Mg intake as a continuous variable.
All analyses were performed using SPSS 21.0 for Windows (SPSS Inc.). All statistical tests were two-tailed and statistical significance was assumed for P < 0·05.
Results
Study participants
At baseline, among 4796 potentially eligible individuals, 243 reported unreliable data in the FFQ (i.e. <2092 kJ (<500 kcal) or >20 920 kJ (>5000 kcal)), 788 had a fracture at baseline, and 117 were lost at follow-up (i.e. did not have the first follow-up visit), leaving 3765 participants eligible for this research.
Baseline analyses
Overall, 3765 participants (1577 men; 2071 women) with a mean age of 60·6 (SD 9·1) (range: 45-79) years were eligible for inclusion in the current study. The mean intake of Mg was 295 (SD 116) mg/d, with 53 (SD 47) mg derived from oral supplementation. Only 27·0 % of the whole cohort reached correspondent RDA (i.e. 420 mg for men and 320 for women, respectively) (17) .
The baseline characteristics by dietary Mg intake and by sex are summarised in Tables 1 and 2 . Independent of sex, those with higher Mg intake were more significantly old, white and had a significantly higher energy intake including a higher dietary intake of micronutrients (K, Ca and vitamin D), but they consumed a significantly lower amount of alcohol than participants with lower Mg intake. Conversely, no significant differences emerged regarding the physical activity level and presence of comorbidities. Finally, men with higher Mg intake were significantly leaner than those consuming less Mg (Table 1 ). In women, individuals consuming more Mg were also more likely to be prescribed bisphosphonates than those consuming less Mg, although this difference did not reach significance (P = 0·06). In the sample as a whole, only four participants used teriparatide, which may be due to the fact that people who already had a diagnosis of fractures were excluded.
Follow-up analyses and incident fracture onset
After a mean period of 6·2 years, 560 individuals (198 men and 362 women) developed a new fracture. As shown in Table 3 , men (Q5 20; 95 % CI 13, 27 v. Q1 27; 95 % CI 18, 36; Fig. 1(a) ) and women (Q5 27; 95 % CI 20, 34 v. Q1 31; 95 % CI 23, 39; Fig. 1(b) ) with higher Mg intake reported a significantly lower incidence of fractures compared with those having a lower Mg intake.
After adjusting for fourteen potential confounders at baseline and taking those with lower Mg intake as reference (i.e. those in Q1), men (HR 0·47; 95 % CI 0·21, 1·00, P = 0·05) and women (HR 0·38; 95 % CI 0·17, 0·82, P = 0·01) in the fifth quintile reported a significantly lower risk for fracture ( Table 3) . As height is a better predictor than BMI for fractures (18) , in a secondary analysis, we introduced height in the fully adjusted model. Compared with subjects having a lower Mg intake, men in the fifth quintile reported a non-significant association with incident fractures (HR 0·75; 95 % CI 0·45, 1·25, P = 0·75), whereas women with the highest Mg intake reported a significantly reduced risk for fractures (HR 0·47; 95 % CI 0·33, 0·68, P < 0·0001). When divided by the RDA, only women reaching the RDA for Mg had a significant reduction in fracture risk of 27 % (95 % CI 0·51, 0·98, P = 0·04).
On the contrary, total Mg intake, modelled as continuous variable, was not associated with any decreased risk for having fracture at follow-up (for 10 mg increase in Mg intake: HR 1·00; 95 % CI 0·97, 1·03, P = 0·99 in men and HR 0·99; 95 % CI 0·96, 1·02, P = 0·55 in women).
Discussion
In this study, higher dietary Mg intake was associated with a significant reduction in fracture risk over 8 years of follow-up. Those having the highest Mg intake, in fact, reported a significant reduction of in fracture risk of 53 % in men and of 62 % in women, after adjusting for fourteen potential baseline confounders. However, the association between Mg intake and the onset of fractures seems to be stronger in women as only women reaching the RDA showed a significantly lower risk for fractures and only in women, after adjusting for height, did the association between Mg intake and fractures remain significant.
As shown at baseline, the prevalence of low Mg intake is very high, as only a quarter of the participants of OAI reported sufficient intake of Mg. These data are in line with other studies showing a prevalence of Mg intakes lower than RDA reaching 75 % (19, 20) . Low Mg intake seems to predispose people to several medical conditions including metabolic diseases (5, 6) , CVD (3, 4) and musculoskeletal diseases (e.g. sarcopenia) (21) .
Conversely, the data on Mg intake and fracture/osteoporosis risk are less clear. As mentioned in the 'Introduction' section, several studies and a recent meta-analysis reported contrasting findings on the association between Mg intake and fractures (9, 10) . Our research is, to the best of our knowledge, the first reporting a clear and significant association between higher Mg intake and reduction in fractures in both sexes.
Several explanations support a role for Mg in preventing osteoporosis and fractures. First, Mg seems to be of relevance in bone health, positively affecting the function of osteoblasts and osteoclasts, and modulating Ca homoeostasis, through a regulation of calcitriol and the parathyroid hormone (22) . Moreover, Mg stabilises amorphous Ca phosphate, slowing its transformation to hydroxyapatite (23) and making bones stronger. In osteoporotic women, low Mg and high hydroxyapatite content has been more commonly shown in the trabecular bone (24) . Other effects, however, could contribute to the positive role of Mg on bone. First, Mg has an anti-inflammatory action (25) and inflammation is a chronic condition leading to osteoporosis and fractures (26) . Second, Mg seems to be an essential element supporting muscular strength (21, 27) and consequently reduces the risk for falls and finally fractures.
The effect of Mg on fractures was more important in women than in men. It is known that women, particularly after menopause, have a decreased intake of micronutrients than men (28) making them more sensitive to the consequences of nutritional deficiencies. Curiously, the other investigations regarding Mg and fractures were made in women, whereas the data in men are reported only by two studies showing no association between Mg intake and fractures (29, 30) . However, more research is needed to understand why the association between Mg and fractures is less consistent in men.
The findings of our study should be interpreted within its limitations. First, dietary Mg intake was estimated only at baseline. Therefore, we cannot know if the changes in dietary patterns could affect our results. Second, the information regarding fractures and other medical conditions were only self-reported. Even if several studies (31, 32) reported that for major osteoporotic fractures the accuracy of self-reported fractures is as accurate as radiological records, we cannot exclude an underestimation of some non-clinical fractures, such as vertebral ones. Third, no data on BMD assessments are available and this could introduce another bias in our findings. Fourth, we were not able to run analyses for specific fracture sites due to a likely lack of power for these analyses. Finally, the OAI included participants with knee osteoarthritis or those at a high risk for this condition. Thus, a selection bias cannot be excluded and the generalisability of our findings in other contexts should be verified. Conversely, among the strengths of our work, we can include the large sample size of men and women as well as the long follow-up period of observation. ; total energy intake (as continuous); race (white v. others); BMI (as continuous); education (college v. others); smoking habits (current v. previous/never); yearly income (≥ v. < $50 000 or missing data;); Charlson co-morbidity index; use of drugs affecting positively bone (bisphosphonates, hormones, teriparatide); Ca intake (mg/d); K (mg/d); vitamin D intake (mg/d); alcohol intake (% of total energy intake); Physical Activity Scale for the Elderly (as continuous).
In conclusion, higher dietary Mg intake has a protective effect on bone osteoporotic fractures, particularly in women, suggesting an important role of this mineral in osteoporosis and fractures. Further randomised controlled trials are needed to understand the possible role of Mg in delaying fractures.
